INTRODUCTION
Heterosexual transmission of human immunodeficiency virus (HIV)-the causative agent of acquired immunode- ficiency syndrome (AIDS)-is the predominant mode of the epidemic spread of HIV [1, 2] . Worldwide, heterosexual transmission accounts for 90% of all HIV infections in women [3, 4] . In the United States, AIDS in women increased from 1990 to 1994 by 89% versus 29% in men [5] . The proportion of women with AIDS has steadily increased from 7% of all AIDS cases reported in 1985 to 19% by 1996 [6] . It has been estimated that between 120 000 and 160 000 women in the United States are infected with HIV; an estimated 1.5/1000 of women giving birth are infected with HIV [7, 8] . HIV/AIDS is now the third leading cause of death among women of reproductive age [9] . Currently, an estimated 13.8 million women worldwide are infected with HIV, representing 43% of all adult infections. Considering that the AIDS epidemic is still in its infancy on a global scale, this evolving demographic profile warrants urgent attention particularly for the adolescent population. In the absence of an effective prophylactic anti-HIV therapy or vaccine, new emphasis has been placed on the development of intravaginal microbicidal agents capable of reducing the transmission of HIV [10] [11] [12] [13] . The development of dual-function vaginal microbicide/spermicides would have a tremendous impact worldwide. Prophylactic contraception is fundamentally important in HIV-infected women for prevention of HIV transmission and pregnancy, especially because 80% of women with AIDS are of childbearing age [14] .
Currently available over-the-counter prophylactic contraceptives for the prevention of HIV/AIDS are limited to membrane-active surfactants such as nonoxynol-9 (N-9), octoxynol-9, sodium docusate, or benzalkonium chloride [15, 16] . Various formulations of N-9 are being recommended as vaginal microbicides despite the adverse effects of N-9 on cervicovaginal epithelium and vaginal microflora as well as the increased risk of development of opportunistic infections in the genitourinary tract [17] [18] [19] [20] [21] [22] [23] . Since the detergent-type microbicides have a high affinity for membrane lipids [24, 25] , they exhibit antiviral activity only at cytotoxic doses [26, 27] . Furthermore, recent clinical trials have shown that vaginal contraceptive preparations containing N-9 have no effect on the transmission of HIV/ AIDS and other sexually transmitted diseases when provided as part of a comprehensive program aimed at prevention of heterosexual transmission of HIV/AIDS [28, 29] . Since the trafficking HIV-infected mononuclear cells in semen are the likely source for the sexual transmission of HIV, the infected seminal cells could easily come in direct contact with the target cells in the mucosa of the sexual partners after N-9-induced disruption of the cervicovaginal epithelial barrier, resulting in viral transmission [30] [31] [32] . Therefore, dual-function microbicides lacking detergent-type membrane toxicity would have advantages over the currently available vaginal microbicides.
In a systematic effort to develop a prophylactic contraceptive capable of preventing HIV transmission as well as FIG. 1. Chemical synthesis and basic structure of novel aryl phosphate derivatives of bromo-methoxy ZDV. R 1 is an amino acid-specific substituent, while R 2 is a para substituent in the phenyl moiety.
providing fertility control, we have previously identified WHI-07, a novel-5-bromo 6-methoxy aryl phosphoramidate derivative of the anti-HIV drug, 3Ј-azido-3Ј-deoxythymidine (zidovudine [ZDV], or AZT), with potent anti-HIV and spermicidal activities [33] . Unlike ZDV, which is ineffective in thymidine kinase-negative cells, WHI-07 retained full activity in thimidine kinase-deficient cells, the main carriers of HIV in semen [34, 35] . This study reports the structural as well as functional characteristics of novel analogues of WHI-07 that we synthesized by replacing the Ala side chain of WHI-07 with different amino acids containing nonpolar side chains. Notably, the replacement of the Ala side chain with Leu, Val, or Phe led to a complete loss of sperm-immobilizing activity (SIA), whereas replacement with Trp resulted in a 4-fold loss. No improvement in SIA could be achieved by replacement of the para-bromo substituent with other electron-withdrawing groups (namely, F, Cl, and NO 2 groups) regardless of the choice of the amino acid side chain. Taken together, these results indicate that the Ala side chain as well as the para-bromo substituent on the phenyl moiety uniquely contribute to the potent spermicidal function of WHI-07. None of the amino acid sidechain replacements or para-position substituents in the phenyl ring resulted in cytotoxicity against normal human ectocervical or endocervical epithelial cells.
MATERIALS AND METHODS

Reagents and Instrumentation
All of the anhydrous solvents and chemical reagents were purchased from Aldrich Chemical Co. (Milwaukee, WI) except for ZDV, which was obtained from Toronto Research Chemicals (ON, Canada). Proton ( 1 H), carbon ( 13 C), phosphorous ( 31 P), and fluorine ( 19 F) nuclear magnetic resonance (NMR) spectra were recorded on a Varian Oxford 300 MHz spectrometer (Varian Associates, Palo Alto, CA) using an automatic broadband probe. All NMR spectra were recorded in deuterated chloroform (CDCl 3 ) at room temperature. The chemical shifts were recorded as ␦ values in parts per million (ppm) downfield from tetramethyl silane (␦ ϭ 0.0 ppm) as internal standard or from the residual chloroform signal (␦ ϭ 7.24 ppm for 1 H NMR or ␦ ϭ 77.0 ppm for 13 C NMR). For 31 P NMR, a solution of 1% phosphoric acid contained in a sealed capillary tube served as an internal standard, and the chemical shifts were recorded relative to this standard. In the case of 19 F NMR, a fused capillary tube having 1% solution of trifluoroacetic acid in water was used as an internal standard. The multiplicity of the signals was designated as follows: s, singlet; d, doublet; t, triplet; m, multiplet; br, broad peak. Ultraviolet (UV) spectra were recorded from a Beckman Model DU 7400 UV/visible spectrophotometer (Beckman Instruments, Fullerton, CA) using a cell path length of 1 cm. Fourier transform infrared (FT-IR) spectra were recorded using an FT-Nicolet Model Protege 460 instrument (Nicolet Instrument Corp., Madison, WI). The IR spectra of the liquid samples were run as undiluted liquids using KBr discs. Mass spectra analyses were performed using two different instruments. Some samples were analyzed using a Finnigan MAT 95 instrument (Madison, WI) after dissolving in chloroform. The source temperature was maintained at 200ЊC. The accelerating voltage was set at 5000 V, and the number of scans was approximately 70 for each sample. In addition, a Hewlett-Packard matrix-assisted laser desorption spectrometer Model G2025A (Wilmington, DE) was used in the molecular ion detection mode as a quick reference. The matrix used was cyano hydroxy cinnamic acid. Analytical HPLC was performed using a Hewlett-Packard 1100 series system consisting of a diode array detector, a quaternary pump, an automatic degasser, and a thermostat-controlled column compartment along with Chem station software (CambridgeSoft Corp., Cambridge, MA). In addition, an automatic injection assembly was used for repetitive analysis. A reverse-phase LiChrospher column (250 ϫ 4 mm, Hewlett-Packard, RP-18) was used, and the analysis was performed using a isocratic flow consisting of water and acetonitrile (70%:30%). The flow rate was maintained at 1 ml/min throughout the analysis. Column chromatography was performed using silica gel.
Synthesis of WHI-07 and its Analogues
WHI-07 ( Fig. 1 ) was synthesized in four steps by sequentially replacing the three chlorides in phosphorus oxychloride 1 with 4-bromophenol 2 (R 2 ϭ Br), L-alaninemethyl ester 3 (R 1 ϭ CH 3 ), and ZDV to produce the 5Ј-phosphorylated ZDV 4, followed by the addition of bromo and methoxy groups across the double bond in the thymine moiety of 4 [35] [36] [37] . Accordingly, the new WHI-07 analogues were synthesized by 1) replacing L-alanine-methyl ester in the second step with the methyl ester derivatives of various amino acids such as Trp, Pro, Phe, Leu, Met, Val, or Gly (R 1 ϭ the side chain of Trp, Pro, Phe, Leu, Met, Val, or Gly) and/or 2) replacing 4-bromophenol in the first step with different phenols (R 2 ϭ H, F, Br, Cl, OCH 3 , or NO 2 ) (Fig. 1 ). For the synthesis of Trp-substituted phosphoramidate derivatives, a modification was introduced in which after condensing the amino acid in methylene chloride solution, the resulting residue was solubilized in anhydrous tetrahydrofuran instead of ether. All 23 new WHI-07 analogues synthesized as shown in Figure 1 were characterized by 1 H, 13 C, and 31 P NMR, FT-IR, UV-visible, mass spectra, and HPLC analyses. For each compound, the purity was Ͼ 98%.
In Vitro Sperm-Immobilizing Activity
All donor specimens were obtained after informed consent and in compliance with the guidelines of the Hughes Institute Institutional Review Board. To evaluate the spermicidal effects of ZDV derivatives, highly motile fraction of pooled donor sperm (n ϭ 8) was prepared from liquefied normospermic semen by discontinuous (90-45%) gradient centrifugation using Enhance-S-Plus (Conception Technologies, San Diego, CA) cell isolation medium as previously described [38] [39] [40] . The resulting pellet was washed twice and resuspended in 1 ml of Biggers, Whitten, and Whittingham's medium (BWW; Irvine Scientific, Santa Ana, CA) containing 3% BSA (fraction V; Sigma Chemical Co., St. Louis, MO). Aliquots (1 ml) of the sperm suspension were centrifuged (500 ϫ g, 5 min) and incubated at 45Њ for 90 min at 37ЊC in 5% CO 2 atmosphere. The supernatant containing primarily motile sperm was aspirated carefully, washed once in BWW medium containing 25 mM Hepes and 0.3% BSA, and resuspended in the same medium. Pooled motile sperm (Ն 10 ϫ 10 6 /ml) prepared from 3-5 donors were suspended in 1 ml of BWW-0.3% BSA in the presence and absence of serial 2-fold dilutions of test substance (1.9-500 M) in 0.5% dimethyl sulfoxide (DMSO). The stock solutions of synthetic compounds were prepared in DMSO (100 mM) and diluted in medium to yield the desired concentrations. A corresponding volume of DMSO (0.5%) was added to control tubes. After 3-h incubation at 37ЊC, the percentage of motile sperm was evaluated by computer-assisted sperm motion analysis (CASA) [40] [41] [42] . The percentage motilities were compared with those of sham-treated control suspensions of motile sperm. The spermicidal activity of test compounds was expressed as the mean EC 50 values (the final concentration of the compound in the medium that decreases the proportion of motile sperm by 50%) calculated from three independent experiments.
Sperm Kinematic Parameters
For CASA, 4 l of each sperm suspension was loaded into a 20-m Microcell (Conception Technologies) chamber at 37ЊC. Eight to ten fields per chamber were scanned for analysis using a Hamilton-Thorne Research (Danvers, MA) integrated visual optical system, version 10 instrument [40] [41] [42] . Each field was recorded for 30 sec. The computer calibrations were set at 30 frames at a frame rate of 30/sec. Other settings were as follows: minimum contrast, 8; minimum size, 6; low-size gate, 1.0; high-size gate, 2.9; lowintensity gate, 0.6; high-intensity gate, 1.4; phase-contrast illumination; low path velocity at 10 m/sec; threshold straightness at 80%; magnification factor, 1.95.
The sperm kinematic parameters that were determined included numbers of motile (MOT) and progressively (PRG) motile sperm; curvilinear velocity (VCL; a measure of the total distance traveled by a given sperm during the acquisition divided by the time elapsed); average path velocity (VAP; the spatially averaged path that eliminates the wobble of the sperm head); straight-line velocity (VSL; the straight-line distance from beginning to end of track divided by time taken); beat cross frequency (BCF, frequency of sperm head crossing sperm average path); the amplitude of lateral head displacement (ALH; the mean width of sperm head oscillation); straightness (STR ϭ VSL/VAP ϫ 100); and linearity (LIN ϭ VSL/VCL ϫ 100; departure of sperm track from a straight line). Data from each individual cell track were recorded and analyzed. At least 200 motile sperm were analyzed for each aliquot sampled.
In Vitro Assay of Anti-HIV-1 Activity
The HIV-1 strain, HTLV IIIB , which was propagated in CCRF-CEM human leukemia cell line, was used for in vitro assays of the anti-HIV-1 activity of selected novel WHI-07 analogues. Cell-free supernatants of HTLV IIIB -infected CCRF-CEM cells were harvested, dispensed into 1-ml aliquots, and frozen at Ϫ70ЊC. Titration of stock virus was performed by examining its cytopathic effects in MT-2 cells [43] . Normal human peripheral blood mononuclear cells from HIV-negative donors were cultured for 72 h in RPMI 1640 supplemented with 20% (v:v) heat-inactivated fetal bovine serum, 3% interleukin-2, 2 mM L-glutamine, 25 mM Hepes, 2 g/L NaHCO 3 , 50 g/ml gentamicin, and 4 g/ml phytohemagglutinin prior to exposure to HIV-1 at a multiplicity of infection of 0.1 during a 1-h adsorption period at 37ЊC in a humidified 5% CO 2 atmosphere. Subsequently, cells were cultured in 96-well microtiter plates (100 l/ well; 2 ϫ 10 6 cells/ml) in the presence of various concentrations (0.001-100 M) of spermicidal WHI-07 and its Trp-containing analogues (2a, 2b, and 2d). Aliquots of culture supernatants were removed from the wells on the seventh day after infection for p24 antigen assays, as previously described [43, 44] . The p24 enzyme immunoassay applied was the unmodified kinetic assay commercially available from Coulter Corporation/Immunotech (Westbrook, ME). This assay utilizes a murine monoclonal antibody to HIV core protein coated onto microwell strips to which the antigen present in the test culture supernatant binds. Percentage viral inhibition was calculated by comparing the p24 values from the drug-treated infected cells with p24 values from untreated infected cells (i.e., virus controls). The effects of various treatments on cell viability were also examined. Noninfected peripheral blood mononuclear cells were treated with WHI-07 analogues for 7 days under identical experimental conditions. A microculture tetrazolium assay, using 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-tetrazolium hydroxide, was performed to quantitate cellular proliferation.
In Vitro Cytotoxicity Assay
The potential cytotoxicity of aryl phosphate derivatives of bromo-methoxy ZDV in comparison to N-9 against normal human ectocervical and endocervical epithelial cells (Clonetics Corporation, San Diego, CA) was measured using MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide) cell viability assays (Boehringer Mannheim, Indianapolis, IN) [36, 37, 43] . Briefly, exponentially growing ectocervical and endocervical epithelial cells were seeded into 96-well plates at a density of 2 ϫ 10 5 cells per well and incubated for 24 h at 37ЊC prior to drug exposure. On the day of treatment, culture medium was carefully aspirated from the wells and replaced with fresh medium containing drug concentrations ranging from 3.9 M to 1000 M. Triplicate wells were used for each treatment. The cells were incubated with the various compounds for 24 h at 37ЊC in a humidified 5% CO 2 atmosphere. To each well, 10 l of MTT (0.5 mg/ml final concentration) was added, and the plates were incubated at 37ЊC for 4 h to allow MTT to form formazan crystals by reacting with metabolically active cells. The formazan crystals were solubilized overnight at 37ЊC in a solution containing 10% SDS in 0.01 M HCl. The absorbance of each well was measured in a mi- 50 was defined as the concentration required for 50% reduction in cell survival. Two separate experiments were performed in triplicate to assess the potential cytotoxicity of spermicidal WHI-07 analogues versus N-9 against ectocervical and endocervical epithelial cells.
Statistical Analysis
Results are presented as the mean or mean Ϯ SD values from independent measurements. Nonlinear regression analysis was used to find EC 50 and IC 50 values from the concentration-effect curves using GraphPad Prism (version 2.0) software (San Diego, CA). Correlations between EC 50 values versus IC 50 values and sperm motility versus VCL, VAP, and VSL were calculated using the Pearson's correlation coefficient; significance was set at P Ͻ 0.05.
RESULTS
Contributions of the Ala Side Chain and Para-Bromo Substituent of WHI-07 to the Potency of Its SIA
WHI-07 is a potent spermicidal agent (EC 50 ϭ 5 M).
This novel agent is a phenyl phosphate derivative of ZDV, and the presence of bromo-methoxy functional groups in the thymine ring of its ZDV moiety is required for its SIA (Fig. 1) . Although the phenyl phosphate moiety of WHI-07 is also very important for its activity, very little is known about the importance of esterification of the phosphate group with an Ala residue. In order to determine the importance of the Ala side chain of its phenyl phosphate moiety, we have synthesized new analogues of WHI-07 by replacing the Ala side chain (R 1 ) with different amino acids containing nonpolar side chains, namely, Val, Leu, Met, Pro, Trp, Phe, and Gly. The para substituents (R 2 ) on the phenyl moieties of these analogues included Br, Cl, F, NO 2 , and OMe groups. The assessment of the SIA of these compounds using CASA demonstrated that the choice of the amino acid side chain is a critical determinant for the SIA of the phenyl phosphate derivatives of ZDV. Notably, the replacement of the Ala side chain with Val, Leu, Pro, or Phe led to a complete loss of SIA with EC 50 values of Ͼ 500 M, whereas a replacement with Trp resulted in a 4-fold loss (EC 50 ϭ 20 M; Fig. 2 ).
Ala Side Chain and the Bromo Substituent on the Aryl Moiety Contributed to Maximal SIA of Aryl Phosphate Derivatives of Bromo-Methoxy ZDV
No improvement in SIA could be achieved by replacement of the para-bromo substituent in the phenyl ring with other electron-withdrawing groups (F, Cl, NO 2 ) regardless of the choice of the amino acid side chain (Fig. 3) . However, many of the compounds with para substitution (R 2 ) other than a bromine group exhibited SIA (Figs. 3 and 4) . Thus, both the Ala side chain and the para-bromo substitution of the phenyl phosphate moiety, while neither was essential for the SIA of WHI-07, uniquely contributed to its potency. Specifically, both the unsubstituted and substituted compounds (1a-e) exhibited SIA with EC 50 values ranging from 5 to 118 M (Figs. 2, 3, and 4A ). This property was also observed with the unsubstituted (H) and/or substituted aryl phosphate derivatives of bromo-methoxy ZDV containing Trp (2a, 2b, and 2d; Figs. 2, 3 , and 4B), Pro (3b-d; Figs. 2, 3 , and 4C), Meth (6a, 6b), and Gly (8a) as the amino acid ester (Fig. 3) . In contrast, both the unsubstituted and para-substituted aryl phosphate derivatives of ZDV containing Phe (4a-d), Leu (5a-c), Val (7a, 7b) , and the chloro-substituted derivative of Trp-containing side chain (2c), lacked SIA (Figs. 3 and 4B) . Interestingly, while the para-bromo-substituted Ala compound WHI-07 was more potent than the unsubstituted Ala analogue (EC 50 : ϭ 5 M vs. 35 M), the opposite was true for the Trp-containing (EC 50 : ϭ 20 M vs. 10 M) and Pro-containing (EC 50 : ϭ Ͼ 500 M vs. 61 M) compounds (Fig. 3) . Among the Ala-containing WHI-07 analogues, the NO 2 -substituted compound was the least active. The potency order among the various compounds with various amino acid side chains and with or without para substituents on the phenyl ring was Br Ͼ F Ͼ OMe Ͼ H Ͼ NO 2 for Alacontaining compounds, H Ͼ Br Ͼ NO 2 Ͼ Cl for Trp-containing compounds, H Ͼ OMe Ͼ NO 2 Ͼ Br for Pro-containing compounds, and OMe Ͼ H for Met-containing compounds.
The concentration-dependent SIA induced by WHI-07 analogues was associated with significant changes in the movement characteristics of the surviving sperm, particularly with respect to track speed (VCL), path velocity (VAP), and straight-line velocity (VSL). Figure 5 shows the concentration-dependent changes in sperm kinematic parameters obtained for representative spermicidal Ala (A), Trp (B), and Pro (C) analogues of WHI-07 with unsubstituted phenyl moiety. All three spermicidal analogues of WHI-07, irrespective of their amino acid variation, showed identical concentration-dependent changes in progressive motility accompanied by a parallel decline in VCL, VAP, and VCL (r 2 ϭ 0.889-0.936). The sperm motion parameters of control sperm showed no significant changes during the 180-min incubation period.
Diminished Anti-HIV Activity of Trp-Containing WHI-07 Analogues
Interestingly, while the para-bromo-substituted Ala compound WHI-07 was the most potent (IC 50 : ϭ 0.005 M), the opposite was true for the Trp-containing compounds ( Table 1 ). The order of efficacy for Trp-containing WHI-07 analogues (2a, 2b, and 2d) was NO 2 Ͼ H Ͼ Br. In an attempt to enhance the anti-HIV activity of 2a, we replaced the para-bromo substituent in the phenyl ring with a stronger electron-withdrawing para NO 2 substituent (2d). Although compound 2d had improved anti-HIV activity in comparison to compound 2a, this activity was 8-fold less potent than that of WHI-07.
Aryl Phosphate Derivatives of Bromo-Methoxy ZDV Were Selectively Spermicidal
The MTT assay measuring cell proliferation and viability was used to test the in vitro cytotoxicity of novel spermicidal aryl phosphate derivatives of bromo-methoxy ZDV versus N-9 against confluent monolayers of normal human ectocervical and endocervical epithelial cells. Cells were exposed to these compounds at doses ranging from 3.9 M to 1 mM for 24 h. Table 1 (Fig. 6 ).
DISCUSSION
The present study extends our previous reports on spermicidal ZDV derivatives by incorporating the bromo-methoxy substituents on the double bond of the thymine ring of ZDV while varying the amino acid ester as well as the substituents on the phenyl ring of novel aryl phosphate derivatives of ZDV. We synthesized and tested a total of 23 novel aryl phosphoramidate derivatives of bromo-methoxy ZDV for SIA. Our structure-activity relationship studies revealed the following requirements for potent and selective SIA: 1) a C-5 bromo and C-6 methoxy functionalization on the thymine ring, 2) an Ala side chain, and 3) a bromo group on the C-5 position of phenyl ring.
We compared the influence of both aliphatic and aromatic amino acid side chains on SIA of phosphoramidate derivatives of bromo-methoxy ZDV. Among the eight amino acid esters studied, Ala is the most effective phosphoramidate group. The hydrophobic methyl group on the Ala side chain may not confer advantage, since methyl group-containing Leu and Val analogues (5a-c and 7a, 7b) were devoid of SIA. The finding that these amino acids with larger hydrophobic side chains than Ala lacked SIA suggests that the spatial bulk of the amino acid side chain may be one of the determinants for SIA. The Met analogues (6a, 6b) were also less active than the Ala analogues, with SIA rather similar to that of the Pro derivatives (3b-d). Since the Pro analogues (3b-d) with blocked amino group retained SIA, although they were less active (12-to 16-fold) than the lead compound (1a), the SIA appears not to be dependent on the amino group either. This is also supported by the variable potency of Trp analogues (2a, 2b, and 2d) with enhanced steric bulk in the side chain, which were somewhat less active (2-to 8-fold) than the Ala lead compound (1a). The potency of SIA of Trp derivatives (2a, 2b, and 2d) can be attributed to the presence of an indole ring with an amino group that can facilitate faster intracellular entry, as well as to the presence of two bromo-methoxy substitutions in Trp analogues. Comparative structure-activity relationship studies of Ala-and Trp-containing analogues of WHI-07 unequivocally established the importance of Ala side chain and the contribution of an electron-withdrawing para-bromo substituent on the phenyl ring in addition to the bromomethoxy functionalization for the potent, dual-function anti-HIV and spermicidal activities.
Our finding that aryl phosphate derivatives of bromomethoxy ZDV inhibit sperm motility without affecting the female reproductive tract epithelial cells suggests that these membrane-permeable dual-function nucleoside analogues may provide the basis for a new strategy aimed at prevention of the sexual transmission of HIV while providing fertility control for women.
